This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. ABSTRACT Functional stay-green (FSG) delays leaf yellowing, maintaining photosynthetic competence, whereas nonfunctional stay-green (NFSG) retains only leaf greenness without sustaining photosynthetic activity. Retention of chlorophylls and photosynthetic capacity is important for increasing crop yield. We determined the main-effect quantitative trait loci (QTLs) for FSG traits in the japonica rice SNU-SG1 and isolated candidate genes. To identify QTLs influencing FSG, we analyzed eight traits: (1) 1 day after heading-degree of chlorophyll content of flag leaf, (2) 1 day after heading-degree of chlorophyll content of second leaf, (3) 1 day after heading-degree of chlorophyll content of flag and second leaves, (4) 50 day after heading-degree of chlorophyll content of flag leaf, (5) 50 day after heading-degree of chlorophyll content of second leaf, (6) 50 day after heading-degree of chlorophyll content of flag and second leaves, (7) relative decline degree of chlorophyll content of flag and second leaves, and (8) flowering time. We carried out QTL analysis with F7 RIL from a cross of japonica rice 'SNU-SG1' and indica rice 'Milyang23 (M23)'. Using 131 molecular markers, we identified 18 QTLs for the eight traits with a threshold LOD value > 2.8. Sequence analysis identified 16 candidate genes for 10 main-effect QTLs. Of these, we have chosen seven strong candidate genes for the 10 main-effect QTLs. These genetic resources will be useful for breeding high-yielding rice cultivars.
INTRODUCTION
Rice (Oryza sativa L.) is one of the most essential cereal crops in Asia. Increasing yield of cereals has been among the most important goals of crop breeding and plant science researches. To increase crop yield, plants require not only directly linked high yield potential, which is defined as yield components (grain weight, panicle number per plant, and grain number per panicle), but also an indirectly linked yield potential traits that, to a large extent, is determined by photosynthetic efficiency and flowering time. Photosynthesis after heading accounts for 60-90% of the total carbon accumulated in panicles at harvest, while around 80% of total panicle nitrogen uptake happens before heading and is continuously remobilized from leaves to grains during senescence (Mae 1997; Yue et al. 2006) .
Delayed senescence or stay-greenness during the last stage of plant development has been thought an important trait for increasing crop production by source strength, and its genetic and physiological bases have been studied in a number of plant species. Stay-green phenotypes are classified into five distinguishable types, A to E, according to their senescing types (Thomas and Howarth 2000) . Stay-greenness also can be divided typically into two groups, nonfunctional and functional. FSG is defined as keeping both leaf greenness and photosynthetic ability much longer during post-flowering stage while NFSG keeps only leaf greenness without photosynthetic competence. Park and Lee (2003) introduced a stay-green variant from the rice collections, 'SNU-SG1', which is classified as the type B FSG rice which starts leaf senescence normally but thereafter photosynthetic capacity and chlorophyll content decrease slower than the other elite rice cultivars after heading.
Stay-green trait has been studied in many crop plants, such as maize (Gentinetta et al. 1986 ), durum wheat (Spano et al. 2003) , sorghum (Walulu 1994) , soybean (Pierce et al. 1984) , and potato (Schittenhelm et al. 2004) . FSG genotypes in durum wheat were reported to maintain higher activity of photosynthesis and higher grain weights than the parental genotype (Spano et al. 2003) . FSG trait of SNU-SG1 contributed to increasing grain yield through enhancing seed-setting rates. The SNU-SG1 stay-green trait was positively correlated with grain yield and seed-setting rate, but has no significant correlation with other yield components including tillers per plant, grains per panicle, or grain weight .
Flowering time or heading date is a determining factor enabling crops to adapt to seasonal changes, especially in the northernmost areas of rice cultivation, and for photoperiod sensitivity. Signaling mechanisms for repression of flowering or photoperiod-dependent promotion revealed rice has both conserved unique Ehd1 and Hd1 pathways to control the floral integrators, Hd1 and Hd3a expression Kosima et al. 2002) , which act as rice florigen orthologs of CO and FT in Arabidopsis thaliana, respectively.
Candidate gene cloning and QTL mapping using DNA polymorphic markers are useful tools to understand the genetic basis of complicated phenotypic variation; moreover, the application of molecular markers developed for QTL analysis improves breeding efficiency by enabling markerassisted selection (MAS) for variable agronomic traits. However, traditional approaches for QTL analysis are labor-intensive and time-consuming because of the low (>15%) efficiency of polymorphic markers (Lim et al. 2014) and the difficulties in the determination of candidate genes. With the advent of next-generation sequencing technology (NGS), these limitations can be overcome by applying whole genome sequencing (WGS) technique (Lim et al. 2014) . Recently, another new approach named Genotyping-by-Sequencing (GBS), a simple highly-multiplexed system, is designed for rapid QTL identification for a given phenotype by generating large numbers of SNPs for use in the genetic analyses.
In this study, we conducted QTL mapping for the seven traits related to FSG in rice and identified ten main-and eight minor-effect QTLs using NGS technology. Through resequencing data, we identified seven strong candidate genes for the 10 main-effect QTLs. The FSG and heading date (HD) QTL and the candidate genes information would be useful for breeding for high yielding rice cultivars.
MATERIALS AND METHODS

Mapping population and growth conditions
To identify QTL influencing degree of chlorophyll content after heading in rice, a high-yielding indica/japonica hybrid cultivar M23 was crossed with a japonica cultivar FSG rice SNU-SG1 ). Among 338 F 7 RILs developed from the F 2 population by single seed descent (SSD), 178 were chosen for subsequent QTL mapping; these include 40 lines showing extreme phenotypic values for each trait. Field experiment was managed following the standard rice cultivation practices in Suwon, South Korea (37° N latitude). Seeds were sown on April 20 and seedlings were transplanted on May 19 at spacing of 0.3 m by 0.15 m with one seedling per hill in 2010 and 2011. Compound fertilizer (21N-17P-17K) was applied in the same amount (24 kg/10a) and applied three times: before transplanting, and at seven and ten weeks after transplanting.
Evaluation of functional stay green and heading date traits
For the phenotypic evaluation of the selected 178 F 7 RILs, we measured the agronomic traits. The chlorophyll content of the flag and second leaves of each F 7 line were measured between 12:00 and 15:00, at heading and 50 days after heading, with a Minolta Chlorophyll Meter SPAD-502 (Minolta, Japan), an indirect indicator of chlorophyll content. To ensure measurements were taken from the right tiller and day, tillers were tagged at the day of heading. SPAD reading was performed with three replications by measuring three panicles per plant and at least three parts of the leaf for all of the stay-green traits. The degree of chlorophyll content (SPAD value) of the flag and second leaves measured at the day after heading were designated as degree of chlorophyll content of flag leaf (DCF) and degree of chlorophyll content of flag leaf (DCS), respectively. DCFS was derived from the average of DCF and DCS to complement the FSG trait. Relative decline degree of chlorophyll content (RDCFS) in the flag and second leaves was shown using the SPAD value of 50 days after flowering (S50) divided by SPAD value of one day after flowering (S1), designated RDCF, RDCS and RCFS, respectively. RDCFS was calculated as (S50 / S1) × 100 %. HD were recorded from sowing to the appearance of the first panicle of about 1 cm in length.
Molecular markers for genotyping
Genomic DNAs were extracted from leaf tissues by a CTAB method (Murray and Thompson 1980) . Of 131 DNA markers used for genotyping, 68 are RM-series that were designed by Temnykh et al. (2001) , and 35 markers are S-series that were designed based on the sequence differences between japonica and indica, using information from the Crop Molecular Breeding Lab, Seoul National University (unpublished). The other 28 markers are NGSbased insertion/deletion (NID) markers designed by sequence comparison of insertions/deletions (InDels) between the two parent genotypes. The size difference of the NID markers was around 7~11 bp.
Linkage map construction and data analysis
A molecular linkage map was constructed using Mapmaker 3.0 (Lander et al. 1987; Lincoln et al. 1993) . The distance between markers is presented in centiMorgans (cM) using the Kosambi map function (Kosambi 1944) , and order of markers was established using three point linkage analyses. QTL analysis was conducted with the composite interval mapping (CIM) implemented in Qgene 4.3.10 software (Joehanes and Nelson 2008) . Significance thresholds for QTL detection were determined with 1000 permutations, and the LOD threshold for each QTL ranged from 2.24 to 3.03 with 95% confidence. The QTLs explaining more than 10% of the phenotypic effect were defined as main-effect QTLs.
High-throughput whole genome re-sequencing (WGS)
High-throughput WGS was performed on the two parents, SNU-SG1 and M23. The Illumina Genome Analyzer II was used to generate short reads, and bases were called with the Sequence Analysis Software of Pipeline version 1.4 of the Genome Analyzer (Illumina, Inc. San Diego, CA). Genomic DNAs were extracted using the QIAquick PCR Purification Kit (Qiagen) from leaf tissues. Full sequencing was processed at the National Instrumentation Center for Environmental Management (NICEM) at Seoul National University, Seoul, Korea. We ultimately gained 26X and 31X fold coverage as well as 9 Gbp and 11 Gbp in read length for SNU-SG1 and M23, respectively. Then, the 75 bp paired-end reads of the two parents were mapped to the japonica cv. Nipponbare reference genome. Finally, the low-quality bases (Q score in scale < 20), sites with conflicting genotypes among reads were excluded, and only the reads aligned to unique locations in the reference genome were used for sequence construction. The total number of SNPs was 3,202,922, which include 163,933 from SNU-SG1 and 3,038,989 from M23.
Identification of candidate genes in QTL regions using WGS data
Of the 18 QTLs, 10 main-effect QTLs with high LOD and R 2 value were used for candidate gene analysis. We identified candidate genes containing mutated sequences such as SNPs and InDels by the following process. First, a reference sequence (Nipponbare) corresponding to each main-effect QTL was downloaded from the GRAMENE database (http://www.gramene.org/). The genomic research regions associated with each QTLs were selected by confidence interval that was determined by 1.5-LOD support interval. An additional 0.5 Mb sequences from the two flanking DNA markers covering the target QTL were analyzed to increase accuracy. Coding sequence regions derived from SNU-SG1 and M23 were interrogated to detect mutated sequences using the AutoHotkey macro program by work sheet (Lim et al. 2014) . Among the genes harboring mutated sequences, only the genes for which the mutation caused amino acid changes were selected as candidate genes. 
RESULTS
Phenotypic variation in F 7 RILs from the M23/SNU-SG1 cross
For QTL analysis of the eight traits related to FSG and flowering time in rice, we used F 7 178 RILs from the cross of SNU-SG1 (japonica) and M23 (indica) (Lim et al. 2014) . Phenotypic variation was evaluated in the SNU-SG1, M23 and the RILs (Fig. 1) . Most of the traits showed bidirectional transgressive segregation with approximately normal distribution. A large amount of variation was observed between the two parental cultivars for most of the traits, except for RDCFS. Descriptive statistics of the eight traits is shown in Table 1 . The correlation among the traits was analyzed in the F 7 RIL population (Table 2) . A positive correlation was observed between RDCFS and other traits except for HD. Relatively high positive correlations were observed between RDCS, 50 days after chlorophyll content related traits (50DCF, 50DCS and 50DCFS), and more than one day after chlorophyll content associated traits (1DCF, 1DCS and 1DCFS). A negative correlation was observed between HD and other seven FSG traits.
Linkage map construction
A coarse-scale linkage map was originally constructed over the whole rice genome using F7 178 RILs, and 35 STS and 68 SSR markers. To construct linkage map for the separated regions in the original map, we designed 28 whole genome re-sequencing data-based InDel markers. We used Mapmaker 3.0 to construct the genetic linkage map, which consisted of 10 linkage groups and covered 2,451 cM. Each adjacent marker`s average distance was 14.5-centimorgan (cM), which is less than 20 cM, the minimal necessary level for QTL analysis (Lander and Botstein 1989) . Significance level: ** P < 0.001, * < 0.01.
QTL analysis for the FSG and HD traits
QTLs were identified based on the phenotypic effect (R 2 ) and LOD threshold value (see Materials and Methods). As a result, a total of 18 QTLs for the eight traits, with 6.9 to 20.4% phenotypic effect (R 2 ) and 2.8 to 8.83 LOD values, across all the chromosomes except chromosomes 1, 2, 4, 7 and 12 (Table 3) were identified. A QTL with highest LOD (8.83) and phenotypic effect (20.4%) was detected for HD on the short arm of chromosome 6 (Fig. 2,  Table 3 ). Overall, we detected 2 to 3 QTLs for each functional stay green and flowering time trait. Of the 18 QTLs, 10 accounted for more than 10% of the phenotypic effect and were considered main-effect QTLs, which include 1Dcf5 and 1Dcf9 for 1DCF, 1Dcs5 and 1Dcs9 for 1DCS, 1Dcfs5 and 1Dcfs9 for 1DCFS, 50Dcf9 for 50DCF, 50Dcs9 for 50DCS, and 50Dcfs9 for 50DCFS (Table 3) . Especially, three QTLs (1Dcs5, 1Dcfs5 and Hd6) accounted for more than 15% of the phenotypic effect, implying that these genetic materials are valuable resource for the identification of QTL genes affecting FSG and flowering time.
Two QTL hotspots in the genome for multiple traits (Neto et al. 2012) , were identified on chromosomes 5 and 9 (red blocks in Fig. 2) . One, approximately 8 cM window on the long arm of chromosome 9, include six main-effect QTLs (1Dcs9, 1Dcfs9, 50Dcf9, 50Dcs9, 50Dcfs9 and Rdcfs for 1DCS, 1DCFS, 50DCF, 50DCS, 50 DCFS and RDCFS, respectively). The other, in a window spanning around 15 cM on chromosome 5, carries four QTLs, including three main-effect QTL (1Dcs, 50Dcs and 1Dcfs for 1DCS, 50DCS and 1DCFS) and one minor-effect QTL (50Dcfs for 50DCFS). To compare the physical locations of the QTLs identified in reports and the ones identified in this study, we surveyed the rice research paper for cases in which mapping populations made by the crosses of japonica and indica cultivars were used for QTL analysis. We compared the physical locations between the QTLs in the previously published QTLs and in the current study by location of DNA markers. Among the 18 QTLs identified in this study, seven were found to have a matching chromosomal location with those of other reports (Table 4) . The remaining 11 QTLs did not overlap with the published QTLs, which are probably novel QTLs for the traits. Especially, the new 11 QTLs are main-effect QTLs (> 10% phenotypic effect), including 1Dcf5, 1Dcf9, 1Dcs5, 1Dcs9, 1Dcfs9, 50Dcf5, 50Dcf9, 50Dcs5, 50Dcs9, 50Dcfs5 , and 50Dcfs9 (Table 3) .
Resequencing data analysis for candidate gene identification
To obtain nucleotide polymorphism data set of cultivarspecific, whole genome resequencing was performed (see Methods) for M23 and SNU-SG1 cultivar. As a reference sequence, a Nipponbare japonica cultivar, whose whole genome sequence was analyzed by International Rice Genome Sequencing Program (2005), was appropriated. The polymorphic nucleotide sequences including InDels and substitution were identified by comparing the whole genomic sequences of SNU-SG1 and M23 with the reference sequence (Nipponbare) using Pipeline version For the candidate genes identification, ten main-effect QTLs were selected out of 18 identified QTLs for the eight traits. We analyzed the genomic regions that were selected based on confidence interval for each QTL peak (Table 3) . Confidence intervals (CI) were determined by 1.5 LOD support interval that provides a QTL coverage probability of nearly 95% (Dupuis et al. 1999) . The 95% CI of the QTLs detected in the integrated map using composite interval mapping are given in Table 3 . We determined the specific loci of polymorphic sequences in the main-effect QTL included genes through blast analysis of SNU-SG1 resequence data and reference sequence. Analysis of coding sequence revealed 16 genes harboring 3,161 SNPs in protein coding sequence. Of which, only 165 SNPs induced amino acid mutation (Table 5 ).
Significant candidate genes for the main-effect QTLs
Among the 16 candidate genes for ten main-effect QTLs, significant candidate genes were segregated by analyzing protein coding sequences change. Among the candidate genes, seven strong candidate genes were identified based on critical SNPs leading to strong mutations, a premature stop codon, frame shift or amino acid changes, in conserved domain sequences (Table 6 ). These seven strong candidate genes represented all the traits examined.
One candidate gene, Os06g16370, Heading date 1 (Hd1) was located in the main-effect QTL Hd6 (R 2 = 20.4%) for HD on Chr. 6. Hd1 controls flowering time by Hd3a expression regulation in response to photoperiod (Hayama et al. 2003; Yano et al. 2000) . By resequencing data analysis, we found 4 base-pair nucleic acids deletion in the M23 alleles which creates premature stop codon in protein coding region (Fig. 4) . We further studied the orthologs of these genes in Arabidopsis thaliana, using TAIR (http://www.arabidopsis.org/) databases and Gramene (http://www.gramene.org/). We found three Arabidopsis orthologs in which three genes have been functionally characterized (Table 6) . One Hd4 QTL, At5g15840, CONSTANS (CO), encodes zinc finger transcription factors, which functions in regulation of flowering under long days. It acts upstream of FT and SOC1 (Puttenrill et al. 1995) . Another 1Dcf, 1Dcs, 1Dcfs, 50Dcf, 50Dcs and 50Dcfs QTL, At1g05300 encodes ZINC TRANSPORTER 5 PRECURSOR (ZIP5), a member of Fe (II) transporter isolog family. This gene acts in zinc II ion transmembrane transport (Weber et al. 2004) . The other 50Dcfs QTLs, At3g53180, the nodulin/glutamine synthetase-like protein (NodGS) is reported to be the key morphogenetic factor (D'Souza et al. 2001) in vegetative differentiation, playing a role for NodGS in root morphogenesis and microbial elicitation (Doskocilava et al. 2011) .
Main-effect QTL validation using H-NILs
To further validate the QTLs associated with seven significant candidate genes, we developed F 7:8 H-NILs with segregating phenotypes for corresponding traits (Tuinstra et al. 1997 ). In the previous study (Routaboul et al. 2012) , phenotypic and genotypic characterization of the H-NIL, progeny of F 7 RIL, allowed identification of the candidate genes underlying main-effect QTLs. In F 7 178 RILs, we selected heterogeneous lines for at least one of the flanking marker loci in the QTL regions (Fig. 3) . Several H-NILs for ten main-effect QTLs harboring strong candidate genes were validated through phenotypic analysis of RILs. Most of the H-NILs, including the F 7 RIL #123-derived ones, showed the highest variation in SPAD value (Fig. 3 ). This implicates that target genes are co-located in the corresponding QTL regions, supporting the fidelity of strong candidate genes. Further fine mapping using the identified H-NIL populations may lead to isolation of the correct candidate gene in the main-effect QTLs.
DISCUSSION A comparison of the previously reported QTLs with identified QTLs in this study
QTLs Hd3, Hd6, and Hd11 which influence flowering time, shared a similar genomic location with QTLs identified in previous studies (Yamamoto et al. 2000; Yano et al. 1997; Zhang et al. 2008) (Table 4) . Moreover QTL 1Dcfs5, 50Dcfs10, Rdcfs 9-1, and Rdcfs9-2 which influence FSG are located in a similar genomic location with previously identified QTLs (Zhang et al. 2008; Yoo et al. 2007; Jiang et al. 2004; Abdelkhalik et al. 2005; Fu et al. 2011) (Table 4) . These overlapping findings among independent research indicate that the corresponding allele locations are conserved across different environmental and genetic backgrounds.
Analyzing candidate genes and their functions from Arabidopsis thaliana orthologs
Resequencing data analysis results in the selection of 16 genes among the18 identified QTL regions (Table 5) . Seven significant candidate genes were identified through AA sequence analysis for containing SNPs that led to a premature stop codon, frameshift, and amino acid substitution in the conserved domain sequence (Table 6 ). An example is the Hd6 QTL (Fig. 4A ) which is populated with nine genes containing polymorphic SNPs in the protein coding sequences (Table 5) . Of these SNPs, a 4 base-pair nucleic acid deletion in the protein coding region of Os06g16370 (HD1) occurred in the M23 allele, leading to a frame shift (Fig. 4C) , whereas synonymous SNPs, which do not cause critical mutation, were found for the other eight genes. These results support HD1 as the likely representative candidate gene for the Hd6 QTL.
The other QTL, 1Dcfs5, harbors two genes possessing critical mutations in the coding sequence (Fig. 4B) . One of them, Os05g48270, a DOMON-related domain and Cytochrome b561/ferric reductase transmembrane protein coding sequence, contains single SNP which caused critical amino acid substitution (Fig. 4D ) in highly conserved Cytochrome b561 domain (Fig. 4E) . Because this aminoacid substitution is located in the highly conserved domain, it is expected that the function of Os05g48270 protein deteriorated. In the same way, we have identified seven strong candidate genes for the other 10 main-effect QTL (Table 5) .
The putative functions of uncharacterized genes in rice could be inferred from the orthologs in Arabidopsis thaliana because proteins in these species generally have conserved biochemical and molecular functions. For example, FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1) is activated by blue light and promotes flowering through the transcriptional and post-translational regulation of CONSTANS under inductive long day conditions, in Arabidopsis thaliana. Oryza sativa L. orthologs gene OsFKF1also interacts with OsGI and OsCDF1 and conducts similar and distinct roles of FKF1 in Arabidopsis and rice (Han et al. 2015) .
The functions of three Arabidopsis orthologs have been reported. The Arabidopsis CONSTANS (CO), nuclear zinc-finger protein, functions as flowering initiators in response to day length pathway, and in response to the transcription of FT that encodes a protein of RAFkinase-inhibitor-like . A rice ortholog, Heading Date 1 (HD1) encoding a putative CCT/B-box zinc finger protein, has been reported to regulate transcription activation because of zinc finger domain. This indicates that Hd1 is a promising candidate gene related to the Hd6 QTL detected for flowering time.
Another candidate gene, Os05g39540, located in the region of 1Dcf5, 1Dcs5, 1Dcfs5, 50Dcf5, 50Dcs5 and 50Dcfs5 (Table 3) , is a rice ortholog of Arabidopsis ZINC TRANSPORTER 5 PRECURSOR, ZIP5, encoding a Zinc/Iron permease, which is involved in the zinc II ion transmembrane transport. The greater zinc accumulation did not affect the chlorophyll content of T. caerulescens shoots. But accumulation of lower Zn levels in T. arvense shoots resulted in dramatic leaf chlorosis as indicated by a significant reduction in RDCFS (Mitch et al. 1999) . If similar functions existed in rice, decreased levels of Zn could affect chlorophyll level during leaf development process. These suggest that this gene is a promising candidate for 1Dcf5, 1Dcs5, 1Dcfs5, 50Dcf5, 50Dcs5 and 50Dcfs5 related FSG traits.
The gene Os10g31820, located in the region of 50Dcf10 QTL, is an ortholog of AT3G53180, which encodes a protein that is the product of a fusion gene with a C-terminal GSI like sequence and an N-terminal part sharing homology with nodulins. Down-regulated NodGS in RNAi plant caused disrupted root cap development and short main root (Doskocilava et al. 2011) . Root development is important for whole plant growth including leaf development. Interruption of root development might eventually affect yield and yield related components. Os10g31820 is a significant candidate gene for 50Dcf10 influencing leaf greenness.
In summary, we conducted QTL analysis for FSG and flowering time, and did candidate gene identification using resequence data of the SNU-SG1 and M23. We detected a total of 18 QTLs for eight traits. The 11 novel QTLs, two QTL hotspots and 7 significant candidate genes identified in this study offer valuable data for breeding for high yield in rice.
